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IHTRODUCTIOM

The purposo of this inmmtl~.bion W.S to do-lop a msthod
determining dirootly tho fiiotion foroe between tho piston
oylinder of an internal oombustior.engine.

The nmthod oonsiets in olastioally mounting the oylinder
barrel so thct.it oan havo a mall motion parallal to its axis,
and providing suItablc moans for rooording its iristmtnnoous
dispmoomonto

.

DESCRIPTION CF A?PMATUS

Cyliader and Cylinder Hor.d

The oyllnder barrel in the fora of a light Bloom (seo
fig. 1(1)) is olaoped on tho inrmr oiroumforanoos of two
annular steol dl.cphrcqgms(2). Tho outer oIroumforontIal edges
of the dicphragcm are olcmpod to n qlindrioal water j~okot (3)
by mecms of a atoel plate (4) at one ond and tho oylinder head
(~) at tho other end.

Tho oylinder head oloses the oom.bustionohamber with a
piston-shaped seotlonti This sootion is ruohined so as to form
a labyrinth seal (6) to the oonbustion gnsos, and yot not restrain
tho oylindor-eloew motion, Tho labyrinth seotion of the hod.
is lo”.d-platedso as to insuro a olose fit with n ti~ of
friotionO

Two spark-plug WO1lS (7) nnd n well containing an optioal
lowr (8) are soalod off from the jaokd oooling writerby moans
of floxlbl~ nooprcme seals (9)● Those seals exert no appreciable
constraint on the oyllnder motioti

I —. -— -_ — -. — ---- —— —. __ _
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into
Vent ho~s (10) drilled in the sido of the oylindor head
the spmoo abow tho diapfiagn tako are of gas loilh~

through t~ la~inth, and a~sur~ hnosphorio pressuro on-the
upper diaphra~

Reduotiionof gas leakage through the labyrinth is provided
by a duet (11) leading through tihotop of the oylinder h-d to
the oenter of the lalr~inth. Iubrioatiingoil atiilar to that
used 3n the engine 5,spunped by means of an externally driven
oil pump through this duet at a pressure of about SO pounds per
square inohO The oil passes through the lab@nth into the
spaoe (12) above the upper diaphrs~ and then out through the
vezt holes to the oil-pump reservoir. Under favorable running
oonditiionsonly a small percentage oi’this sealing oil flows into
tho combustion *or.

.
Cylinder-DisplacementMeasuring System

The displacement of the oylinder slee-wais reoorded photo-
graphioally on motion-pioture film by means of an optioal lever
and strip oamra (referenoe 1). (See figs. 2, 3, 4, and 5.)
A film speed of 25 inohes pcr seoond was used throughout the
tests. The nagnifioation of the oylindor-sleeve displaoemezt,
by means of the optioal system, was 70.6.(See fig. 6.) Cali-
bration ourvee of the statlo porfor=noo of the reoording
system at two different water-jaoket temperatures are shown in
figure 7. These and similar ourves were obtained by statically
loading the assemb16d oylinder when the regular oylinder head
kd been replaoed by a ‘idumnyhead.” This dunmy head was a steel
ring whioh olsmped the outer edge of the upper diaphi-Ggmfirmly
In its plaoe. A steel plug fittin~ into the exposed end of the
oylinder served as a loading platform. During these tests the
piston was removed from the oylinder. Aotual.sleeve displacement
due to slatio load was measured by a sensitive dial gage. Strips
of film ware run through the osmera with and without eaoh statio -
load. Those reoords gave the net film-traoa displaoements
ocrrespondingto the dial-gage readings or loads,

The ourves of figuro 7 show that the stiffness of the
diaphragms varies with water-jmoket tomperaturo. A ourw of
diaphragp atiffnees oovering ths temperature-operatingrange
of the tests presented in this report ie shown in fi=mre 80
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.“ Pistons

-. ”-,.., ... -. -,-.

The‘talu&ui+alioy”’pieton‘withits five oast=iron piston
rings shown in.figure 9 was used throughout the tests pertaining
to the effeots of speed, load, and visoosity. Tho east-tion
piston, also illustrated in fi~re 9, was used only in the
‘running-in= test.

Engine

The oomple~e oylinde~ @sseably was mounted on a standard
CFR orankoaaee A shorter oonneoting rod (length II8.w in.)
than standard with the CFR was used, gi~ a orank-throwto
oonneotlng-rod-lengthratio of o~281~ The bore a+ stroke were
standurd.~.2~by 405 inches. The compression ratio rum 5.05#

Lubrication System

The dxmdard CFR oil pump was removed, And a motor-driven
oil pump substituted to oiroulato the engine-lubricating oil.
Oi1 temperature was controlled by means of a heat oxohanger
through whioh either steam or wter or both oould be oiroulated.“
Oil tonqw~ture was mmsured in tho oil pump by means of a vapor-

. pressure thermometer.

Cooling System

Cooling WRS aooomplished by a cloeed system eonsisting of
a T-gallon tank, a separately &tor-dr$ven &fitrMugal pu~-, a
heat exohanger, and tho oylindorwater jacket. Tha hoat oxolumger
was similar to that used on the luhrioating system Distilled
water containing a rust Inhibitorwas used in this olosod systcm
so ns to reduoe resting of tho ex?osed”araas of the diaphra~
and tho oylinder sleeve. A meroury-in-glass thormmwter in-
serted in the upper and of the water jnokot was used to measuro
the jaoket-wuter temperature. Cold tap water was oiroulatwd
through the oylinder hind. The tempm’ature of this watar was
moss-uredby -a~roury-in~glaas thormonutor looatad at the oooling-,.....,.
‘~tw outlet of’the tiead~
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Inlet System .

Fuel-air mixture mm auppliod to.tm c%im fr~ a ~p~ri~i% .
tank (roferunoe 2). Tho inlet air passed througha fuel+nixlng
orifioe inserted.in the vaporizhg tank. The air flow to the tank
WS oontroll?d by a throttling valve. Fuel was mo%sured by mans
of a oalibratwd rotamotor~ Mixturo temperature was measured by
a moroury-in-glasa thermonrrberplaeod in the inlet pipeo Vn?oriz-
ing t&nk pressure was masured by a ntorourymanomtor~

W@no Inetrumonts

Engine speed was oentrolled by a combination of a oonvontin~l
tachometer and a strobosoopio light running dimotly from tho 60-
oyola supply-tht illuminntcd painted strips on the fI.ywhoel
(rof”2ron002). An oleotrio @uunonmter was ueed. Pressure
against ormk-angle dtigrms was obtained from tho standard d.1.T.
balanoed-preesure indioator using an 11.I.T. diaphrqgn prossuro
unit (rel%renoos 3 and 4)●

RESUL!fSMD DISCUSSION

Reduotion of lkata

A typioal photogrqhio reeord of tho S1OOVO displaccmont
is ehown in figuro 10, whi& Ie a firing r~oord taken at 2035
rpm. Tho heavy vcrtioa1 lines aro tho top-oontor locating Iinss
produced by a flashing noon light. (See fig. 2.) This neon
light flashes simltanoously with the ignition spark. The
position of the neon lighb in the omnors is suoh as to nnrk tho
film 0.26 inoh from tho rooord traoe and thas locato thcIignition
orank angle on the tb EUiSs $ dogroee of orank =.gle along
the film axis, with a fllu spood of 25 inches por scoomd and an
ongino spood E rpm, oorrospmd to a length L on this axis
oqd to 4.17 efi inoh. Honoo top oentor on tho film traoo is
Iooatod a distcnco (0.26 - L) i.nohalong the tinw axis to tho
loft of the oontor of the neon lamp flash.

Tho dim diffuse lino r.ppcaringparallel to the the axts in
most of thu rcoorda is a reflootod traoe of the li@~t souroo from
tho front surfaoo of the ions. The rcioordsin gonoml show

f



5

essentially three typos of oxoitmtion of tho sleove, that isO
over-all displacements correspondingto the piston strokes, a
rather prcdnent oxoitation ooourring during the firing etroke~
and finally some high-frequency excitation of mmparat ively low
amplitude. Photographic reoords of the naturnl frequcnoy of
vibration of the Oylinder sleove with engine oompletoly asaembl~d,
CLISOwith piston romovod, and tho dwmy head In plaoo of the
regular oylindor head are shown in figure 11● Those reoords
together with oaloulations made of the mtural froquonoy &
vibration of the aloove from its known stiffness and weight show
that the prominent exoitation of the slewo in all the reoords.
oorrcmponds to its natural frequenoym The origin of the h@h-
frequonw oxcitation ia not oonolusiwly known.

ti~ tO the fllOt tkt the diaphra~ S@501Tl ~S SOllSit~~
to temperature ohgmgos, there appocred to bo no satlsfaotory
method of rooording on the f’ilmsa “zctro line,” that is, a line
indioatlng the oquiltbrium position of tho oyllnder S1OOVO when
no forco was aoting on itc Establishmont of the probable soro
line was aoooqlishod in the following umxumrs An onlargod
traoe of tho photogrnphio rooord was mdo in an ~nhLr@~ Oamorab
A strai@t lino parallel to the film motion is then so drawn as
to intorseot Iilmanlargod mood at four qually spaoed points
during the time interval of uaoh oyalo. !lT&isline is then taken
as tho zero lino from whioh all dlsplaoomomts on the enlarged
roaord cro measured~ From tho mgnifiwtion of the enlargement
and tho stif’fnosscalibration ourve (fig, 8), the displaocments
aro ro6dily oorrrrortedinto equi~lont piston.friotior.forOQS on
the assumption that the inertia ard damping foroos are nogligiblo
oompar:d to the diephrcignforoo.

~ilc the location of tho truo zero ltio my bo somowhat in
doubt, and thus produoo errors in the truo instantaneous piston-
friotion foroos, it is signlfioant that +Ao piston-friotionwork,
as obtainod frcm tho work loops, is not sub~eat to al~ error
mado in 10mt i% this lino● The wmrk loops are the basis for
oomputing pist~tifriotionmo~-~ffcoti~ prossums, and tho
piston-friot~on horscpowors heroin roportod, and honoo thoso
values are not subjeot to %oro-lino looatiox orrors~

The effoots of speed upon piston friotionworo first
xnoasurad. Both motoring and firing runs wero nado qvor a speed
rango of 1000 to 2500 rpm at full-throttlo sotting~ Tho dxturo
ratio was set in all oasoa at best power. Spark rdvanoo was kept
oonstnnt at 22°. Cylinder-sloovu oooling-watertm@=aturo and
oil tomporaturo wore eaoh kept oonstant at 180Q F. .Inlctaixturo
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temperature wae maintained oonsliantat
cooling-rntcirtempmmturo at S(l”F. A
water tomporature was maintained so as

1400 F, and oylindor-head
low oylindor-head oooling-
to minidzo tlm possibility

of mel?iin~tho lead platlng on the labyrinth sootion of tho
aylindor head- The lubricating oil used in these runs was ME

. 40, hnving a visoosity of 23o9 centipoise at 180* F.

A series of these spood reoords is shown in figure 120

Pisto-friotion work OYO1OS obtained from scme ofthoso
reoords are shown in figuro 13. The total area onolosed by the
two loops repreconte the piston-friotionwork por oyole.

Tho solid-llno loops ars for the eq=mclon-o~ust str*bs
while tho dashed lines are for the inlet-compressionstrokos.
This sohome of dLPferentiating the two phases cpplies to all
piston-friotionwork loops presented In this report.

Piston-friotion moan-effootive pressures oomputod from theso
work diagrams arc plotted against speed in figure 14.

Firing piston-friotion mean-offootivs pressurbs ovor the
tested speed range vary frcsa18 to 46 percent higher than those
for motoring. This difforenoe in tho relative magnitude, shown
by the piston-friotlon mean-effootive-pressuro ourvos In fi~ro
14, probably aooounts to a large extent for the similar divorgcnoo
depicted in the two indiouted moan-effeotivo-prossuroourves.
The lowor indimtod mcmn-offootivo-prossum ourm wns obtainod
byaddingthc brcdm-motoring and brdce-firing ourvcs, whroas tho
other indloator ourvo was obtcinod by uso of tho ld.I.T~high-
spood ongino Indicator (reforoaoos3 and 4)- Firi~ piston-
“frictionnonn-offootiva preseuro incrwsos linearly with spood
“and is about 45 poroent greater at 2500 rpm Wr.n at 1000 rpm.

A ooneidorablo number of ohcok mns wore mado on those
spood reoords. Comparison of the ohook rcoords tith those of
the origincl runs showed very good reproducibilityboth in
magnitude and struoturo~

Effoot of Load

Tho offoot of load on piston friotion at two dlfferont
speeds is shown in fi ro 1S, and the correspondingwork loops

raro shown in figure 1 . Tho variation of piston-fiiotion mean-
offeotivo prossuro with indlcatcd mean-effeotive prcssuro for
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tho two difforont speeds is ahom in figuro 170 The ongb mS
run at the sam tcmporatums and with the scum quality oil
(8AE 40) as In tho speed runs. Indioated moan-effootivo pressures

. . .. woro derived from Indioator dingrcas obtained with the h!.1.To
high-speed engine indioator (roferenoos 3 and 4).

At 1~00 rpm a ohmgo of 1 pound por squaro inoh indioatod
moan-offaotivo prossurc produecs a ohange of 0.033 pound pcr
squaro inoh in piston-friotionmean-offeGtive pressure, whilo
at 2500 rpm a l-pound ohango in indioc.tedmean-effootivo presmaro
inoreases tho piston-friotionmoan-offootivo prossuro 0,028 pound.

The ohango of’piston-frlotionmoqn-effootivc pressuru with
speed at any particular lend IS of tic same order of magnitudo
as found in the spood ‘~steb

I!Wfootof Visooaity

Dopondcumo of piston-friot~onforoe on oil and cooling-
wator taaperaturo is shm~ in figure 18. Thoso records both
@f notoring md firing runs wero takra nt a oonstart speed of
18oo rpm, with W 20 oil. The oil and oyltier-wutor-jnokot
te.npcraturosworo kept equal to eaoh other and vnrhd over a
range of about 100o F- Inlek tonpcrcturo WCS held oonstnnt nt
140~ F whi13 the head-ooolingwctor was kept at 48o F. Sporlc
advanoe Im.s220 and nixture rctio set for “ocstpwor. Correspond-
ing pisto~-i%iotion work diagrms aro shown in figuro 19.

..-.-

Tho ==riation of visoositios tithtoinporaturo ofthc two
oils used in thoso tests is shown in figuro 209

Plots of piston.friotionrman.effootivo pressuro against
oil vlsooaity fitjmkat Iiomperaturoboth for motoring and
firing aro sham in figure 21.

Exa?minqiiiouof the firing photographs (fig. 18(b)) shows
a rather interesting porfomanoe at 133° F whero altarnnto
periods of two oyolce soom to reproduco thewielvas, Examination
of the piston rings afber tha runs with ME 20 oil shuwed oon-
sidcrablc seufflngw No appreciable souffing of the rings
appoarcd dtor th6 runs using S/E 40 011.
night acoount for tho crratio boha~ior of
irrogulcrity of tho lawor mime in fi~ra
motoring runs wore taken nftor the firing

ti13presonoe-of souffing
the rooords and the
21. -Tho faot that tho
mns and show an
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orderly trend might
boon reduced by the

tidioate tlmt the souf fing
the thoso runs were made.

oondition had
Figure 9A shows

tho oondition of the rings after the motoring runs with W 20
oil.

A comparison of tho piston-friotloq moan-effeotive prossuros
at equal visoositios based onwator-jaoket tcmparaturGs and at
the scum speeds ad loads for th~ two oils used h theso tests
is shuwn in table, both for firing and notoring~

Centipoiao Pi13ton
OilSAE rpm t% at jacket i%lop

tompernture lb/sq in.

I I I
I

I

I
i ; 1800! 18o 23.5 5,4 i

Motoring,—.:—l-—;—---- ‘

t

L
20

L

18MI

.–-—*’~+-~=1
142

.-— — -..-.....— —----
t--

r
1800 180 1

I
23.5 8,0_j

iFiring 1=- “ ‘—-— –

L
~ 20 T1800

1-
23.5 I

- .——------- -L 142 –_.. --..2! ._.2’z..!-.—- .-..

Piston-Fri~tion Horsepower

Piston-friotion horsepower is plottod agalrxrtnotoring
horso~ow.m and firing-friotion horscpomr in figuro 22. ThG
firing-friotion-hor~epcwerourvos wmm obtainod by aubtraoting
the firing brcikohorsopowors Non thm indioatod power taken
fron indicator oards, Tho OU=S tidioato that for thoso
oxpmiwnts the motoring piwton-.friotionhorsepower anou&s to
roughly 16 pcrooct of’the motoring.horsepower, and thct the
firing pistan-friotion horsepower is &bout 26 porcont of tho
Jnotorir.ghorsepower.

It should bo notod that motoring and firing-friotion horso-
pow~r ccollincludes bocring friotion
addition to piston friction.

It shmzld bu nwntimod tl~t the
into the co.nhustiouohanbor frmn tho
nay rctiucct~.cpiston friotion below
obtainad with norrnl lubric~tion~

ar.dpumpir@ friotion in

scaling oil which leaks
~lindor-bond labyrinth
tkfitwhioh would lx

.
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Running-In Test

For corzqarctivopurp~scs e.now cast-iron piston was sub-
stituted for the aluminum-alloy piston~ This piston (set?fig+.

9B) M.d threo piston rings anda skirt much longer then that of
thq aluiiz]unonoC TIIetwo pistons gave the w.ne conprcssion
ra%io.

Records of motoring i’i’i.ctioa takci~:ith this piston at 900
rpm arc shwm M a functionof ruimin~-intim in figure23C
At intw~-ls bdxxm thcuc records the .notoringspcod I.X.S
occasiomlly run up *G 1000 rpial,And during an cxmly onc of ,
these spc~d i~lcr~as~sC,Dqw@:Idy b@;c 10ad indi.catcdsigns of
piston ”scizing. Exmiratiw of the piston c:ftcr.these runs vmre
conpletcd showed scoring d’ the piston (fig. 95) and piok.-upon
the cyli.wicr. IIIspi~~ of’thescorilg,a rather si~,lificac.t
dccrmse in piston fricjtionwith running-in tim is indica.tcdby
the decreasing mplitudos of MOG rcoords in figure Z!30

COKCLUS1ONS

The results nust bc rcgwdod O.Sof a prelfi.,imrynature
ur.tilllorecxpericmcc with this appo.r:.tuslms bcm obt~incd,
It appears mfc to comlude$ hemmer, tmt the mthod hcs
intorcstingpossibilities for rescaroh in the field of piston
friction, Further work is suggested to include m atte~pt to
compmc piston friction P.lor.c,,mcasu.rcdblymtoring, with piston
friction obtainod by this mthod, and to CXD1OYC systmmtically
the ei?fcctsof difi%xonccs in pistm and riag dcsigm

Slocn Laboratories for Aircmfi and Autonotivc Erginos,
Kmssachusotts Institute of TcckIolo~~,

Cmbridgo, llass.

.- . . .—..—-—.— . . . ... . . .
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Figure l.- $ssembly drawing of friction engine cylinder.
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Figure 2.- Details of optical system-for recording cylinder
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NACA Figs. 3,5
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Figure 3.- Dynamometer end of friction engine.

Figure 5.- Details of fr~cti”on engine camera.



(B) Cast iron
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(.A) Aluminum alloy

Figure 4.- Assembled camera motor,
camera, and light source.

Fi.@xre 9.- Pistons used in friction
engine.
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Figure 6.- Calibration of cylinder sleeve displacement recording
mechanism.
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NACA Fig. 7
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Figure 7.- Static load deflection of cylinder sleeve for two differ-
ent cylinder sleeve cooling water temperatures.
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Figure 8.- Apparent stiffness of cylinder sleeve as a function of

cylinder sleeve cooling water temperature.
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Figure10.- Typical piston friotion “record for engine firing.
.

Assembled Engine

i
~igure11 .- Ilatural frequenoy of cylinder sleeve.
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~igure 12.-
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1000 rpm
Increasing time —>

Cylinder sleeve displacement as a function of speed.
Oil and cylinder sleeve cooling water temperatures held
1800F. SAE 40 oil.
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Figure 13.- Piston friction force as a fui~ctionof piston displacement
for two speeds at full load: Positive forces correspond to

up-stroke of piston. Full lines re-presefitex~ansion-exhauststrokes.
Oil and cylinder coolingwater temperatures 180°F, SAE 40 oil.
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Figure 14.- piston friction mean effective pressure as a function of engine
speed at full load. Oil and cylinder cooling water temperatures

1800F. S&l!40 oil.
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NACA Fig. 15
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Figure 15.- Cylinder sleeve displacement as a function of
loti. Oil and cylinder sleeve cooling water tem-

peratures held constant at 180°F. SAE 40 oil.
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Figure 17.- Piston friction mean effective pressure as a function of in-
dicated mean effective pressure for two engine.speeds.Oil

and cylinder cooling water temperatures 1800F, SAX 4.0oil.
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NACA Fig. 18a
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Figure 18a. - Cyllnder sleeve displacement as a function of common
011 and cyllnder sleeve coollng water temperatures.

SAE 20 oil. Speed 1800 rpm.
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NAOA Fig. 18b
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Figure 18b.- Cylinder sleeve displacement as a function of common
oil anu cylinder sleeve cooling water temperatures.

SAE 20 oil. Speed 1800 rpm.
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Fig. 20
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Figure 20.- Temperature variation of the Saybolt universal viscosities of
the two oils used in the piston friction engine.
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Figure 22.- Piston friction horsepower as a function of brake friction
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NACA Fig. 23

Figure 23. - Cylinder sleeve displacement as a function of time
during the motoring ‘running inn of the cast iron

piston. Speed 900 rpm. Temperatures of oil and cooling water
1600F. SAE 20 oil.
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